This work describes a deployable compliant rolling-contact element joint (D-CORE joint) that employs curved-folding origami techniques to enable transition from a flat to deployed state. These deployable joints can be manufactured from a single sheet of material. Two fundamental configurations of the D-CORE are presented. The first configuration allows for motion similar to that of a Jacob's ladder when the joint is in a planar state while achieving the motion of a CORE when in the deployed state. The second configuration constrains all degrees of freedom to create a static structure when the joint is in the planar state and allows for the motion of a CORE in the deployed state. Curved-folding origami techniques can be used with both configurations to control the cam radius and range of motion of the D-CORE. Physical models are demonstrated in Tyvek , polycarbonate, polypropylene, and metallic glass. A deployable translating platform constructed of an inversion of the D-CORE is also shown.
Introduction
This work draws upon curved-folding techniques from origami to create a compliant rolling-contact element (CORE) [1] with the capability of being deployed from a planar state to a deployed state. CORE joints are largedisplacement angle, compliant, multi-stable, revolute joints [1] . CORE joints and other types of revolute joints have been investigated to mitigate the challenges encountered by traditional pin-joints such as backlash and wear. Wear can intensify undesired motion as the clearance between the pin and the hole increases with use. Traditional bearings present another alternative but can significantly increase cost, weight, and size. The CORE uses compliant flexures Flexible Bands Cams that join two cams together, as shown in Figure 1 . The tension in the flexures holds the cams together as they roll across each other. While still preserving the desirable properties of CORE joints to reduce undesired motion and wear, deployable CORE (D-CORE) joints enable the joint to be stored in a compact position before and after use. This facilitates use of the joint in applications where space is a constraint before or after the joint is to function. This constraint is commonly seen in spacecraft, aircraft, minimally invasive surgery devices, and stowable furniture. The ability of the D-CORE to be manufactured from a single sheet of material and assembled through folding make it a low cost alternative to a traditional joint. The D-CORE, as well as the CORE, differ from traditional pin joints as the axis of rotation moves during the rotation of the joints. While this prohibits the use of the D-CORE or CORE in some precision movement applications where a fixed axis of rotation is required, the movement of the axis of rotation is calculable enabling predicted motion paths. Another desirable property of one of the D-CORE configurations discussed in this paper is the ability to be a zero-degreeof-freedom static structure in its stowed, planar state and to transition to a one-degree-of-freedom mechanism in its deployed state. This type of mechanism is known as a metamorphic mechanism [2] .
Background
The use of compliant flexures in the D-CORE and CORE to join two rigid bodies together is reminiscent of a single unit in a Jacob's ladder toy. The D-CORE is created using curved-fold origami techniques to construct the curved surfaces of the cams. This enables the joint to maintain the advantages of the CORE while adding the capability of the joint to be deployed to and from a flat position.
Jacob's Ladder
The underlying mechanism of the CORE is also what creates the optical illusion of a falling block in a Jacob's Ladder. The Jacob's Ladder is an ancient Preprint: Published article available with DOI 10.1016/j.mechmachtheory.2015.05.017 toy [3] that consists of ribbons connected in a specific pattern to wooden blocks, as shown in Figure 2 . When the top block of a Jacob's Ladder is rotated, the illusion of a falling block is created as each block flips in alternating directions one after another. Similar to the study of the underlying mechanism of a color changing toy ball by Ding et al. [4] , insights into mechanism design can be gained from an investigation of the Jacob's Ladder.
By isolating a single unit of the Jacob's ladder one can see how two rotational axes are present about which the top block can revolve, as shown in Figure 3 . All of the degrees of freedom are constrained through either contact of the faces of the block and the ribbon or tension in the ribbon. Similarly, in the CORE all degrees of freedom besides the rolling motion are constrained through contact of the flexures and the cams or tension in the flexures. However, the introduction of a curved surface as the cam face rather than a flat surface as in the Jacob's Ladder causes the instantaneous axis of rotation to follow the curvature of the cam throughout the motion rather than switching between two stable axes of rotation. This difference in location of the instantaneous axis of rotations during the joint motions is shown in Figure 4 .
Compliant Mechanisms
The CORE is a compliant mechanism, whose motion is derived at least partly from flexing members [5] . Compared to traditional mechanisms, compliant mechanisms can offer cost reduction due to lower part count and assembly time, simplified manufacturing processes, performance improvement through increased precision and reliability, and reduced wear, weight, and maintenance [5] . In the CORE, there is no need for lubrication, wear is dramatically reduced, and the compliance of the CORE enables design for specific force-deflection properties and an ease of miniaturization.
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Contact-Aided Rolling Joints
The development of the CORE was preceded by similar mechanisms that utilize the mechanism described in the Jacob's Ladder. The Rolamite concept was developed in the 1960's [6] . This design used a band between two rollers to create linear displacement with little friction. Further development of the Rolamite has occurred as seen in the creation of analysis techniques of the joint [7] , implementation of the concept in a prosthetic knee joint [8] , and more recently using the concept to create variable joint stiffness [9] .
The CORE [1] uses flexible bands to join two rolling surfaces similar to the Rolamite. However, while the Rolamite joint provides a linear displacement, the CORE allows the two rolling surfaces to roll over top of each other creating a motion similar to a revolute joint. Halverson et al. [1] used a strain energy approach to derive models for the CORE. Their work particularly examines tension-based multi-stable CORE joints and develops equations to describe the angular velocities of the cams, stress in the joint, strain of the flexures, and retaining forces (forces in the flexures) for these joints. A variation of this joint was used to create an artificial disc implant for the human spine designed to mimic the motion and stiffness characteristics of a human spinal disc [10] .
The ability to scale the CORE and mechanisms similar to it has resulted in their use in medical devices for minimally invasive surgery [11] and robotic components such as a bio-mimetic finger [12] .
Origami Inspired Mechanisms
Origami constructions have inspired the study a variety of mechanisms and folding structures [13] including planar-spherical over-constrained mechanisms [14] and queer-square mechanisms with multi-furcation qualities [15] . Folding techniques have been used to formulate a systematical approach to carton folding [16] . Most of these origami constructions used in mechanism analysis are prismatic, where the straight creases can be modeled as revolute joints and the panels as links as is the case in the development of a systematic approach to modeling carton folding [16] . Kirigami, which uses cutting as well as folding, has also inspired mechanism design [17] .
Curved-fold origami is intrinsically tied to curved surfaces. When paper is folded along a curved crease, the two surfaces created are developable surfaces [18] . Developable surfaces are sometimes called singly-curved surfaces as at every point of the surface one of the principle curvatures is zero [19, 20] . They are a subset of ruled surfaces, or surfaces where a straight line, or ruling line, can be used to generate the surface [19] . Three types of developable surfaces exist: generalized cylinders, generalized cones, and tangent-developable surfaces [21] . Curved-fold origami can thus be thought of as a combination of developable surface patches that are joined through curved creases. David Huffman [22] [23] and Ron Reusch [24] pioneered a rigorous approach to curved folding with their work in the 1970's. Recent work by Lang [25] and Demaine et al. [26] has demonstrated methods to design curved-fold structures by treating the ruling lines of the developable surfaces as optics lines and curved-creases as lenses.
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Curved-folding techniques are used in this research to create the curved surfaces of the CORE. In addition, curved-folding enables the CORE joint to be stowed in a flat position and gives the possibility of the joint to be self-deployed.
Deployable CORE (D-CORE)

Description
The deployable CORE (D-CORE) is made of two flat panels with curved creases that form the cams of the joint when deployed and three flexible bands which hold the two panels together. These components are chained together alternating between panels and flexible bands as is shown in Figures 5 and 6 . The two flat panels that form the cams also require curved cut edges if the angle between the cam sides and cam's contact surface varies from 90 degrees. The geometry of the curved cut edges and curved creases is discussed in Section 3.1.3. Two configurations of the D-CORE are presented below. Configuration 1 enables motion in the undeployed state while Configuration 2 does not. Both configurations can be manufactured from a single sheet, assembled by folding and one point of attachment, and are three layers thick in the assembled but undeployed state. Anchoring either configuration of D-COREs to rigid bodies can be achieved through sliding fits to accommodate for the motion of deployment. These sliding fits are discussed in Section 3.1.5 as an anchoring solution.
Configuration 1
Configuration 1 of the D-CORE enables a Jacob's ladder like motion when the joint is in its undeployed state and full CORE motion in the deployed state. It can be manufactured in a planar state ( Figure 5 (a)), folded into an assembled but undeployed flat state ( Figure 5(b) ), and deployed into the CORE geometry ( Figure 5(c) ). The length of the panels that form the cam surfaces, L, is equivalent to the length of the flexible bands, L band , when the bands are thin. The joint can be cut out of a single sheet or assembled from multiple components. If a single sheet is used for fabrication, one attachment point is required to complete a chain where the single flexible band passes between the two parallel flexible bands.
Configuration 2
The second configuration of the D-CORE is a static structure in its undeployed state and shows full CORE motion in its deployed state. Similar to the Configuration 1, Configuration 2 can be manufactured in a planar state ( Figure  6(a) ), folded into an assembled but undeployed flat state ( Figure 6(b) ), and deployed into the CORE geometry ( Figure 6(c) ). Configuration 2 is constrained from motion in the undeployed state by placing hard stops on the panel's edges. One pair of these hard stops on each panel can be folded over themselves to accommodate for the thickness of the bands. This causes the panels to interfere with one another if the joint tries to rotate in the undeployed state. The addition of these hard stops slightly decreases the range of motion of the joint in the deployed position. 
Curved Crease Curved Cut 
Cam Construction Using Curved Creases
Configurations 1 and 2 both draw upon curved creases to create the cam surfaces. The geometry of the curved creases used to form the cams as well as the length of the flexible bands of the D-CORE determines the range of motion for the angular deflection of the joint and the radius of the cam. The crease geometry can be determined by considering the intersection of cylinders where the cam face is modeled as a section of a cylinder and the two cam side panels are also modeled as sections of cylinders, as shown in Figure 7 . Apostol et al. [27] show that the intersection curve between a cylinder and a plane is an elliptical cross section and when the cut cylinder is unwrapped the profile of the cut edge is a sine wave, as shown in Figure 8 . To form a deployable CORE cam, the cutting planes of three cylinders are placed on top of one another and the elliptical cross sections are aligned as shown in Figure 7 . When any cylinder is unwrapped the profile of the cut edge forms the geometry of the curved crease. If the angle between the face and sides of the deployed cam, α, differs from π/2 the panels that form the cams will need to have an additional curved cut edge to enable the joint to sit on a flat plane in the deployed state.
The equations describing the relationship between the range of angular de- flection of the joint in radians, Θ, the radius of a cylindrical cam, R, the angle between the face and sides of the deployed cam in radians, α, and the geometry of the curved crease and curved cuts expressed as functions, y crease (x) and y cut (x), can be determined for deployable joints with cylindrical side panels of the cams as is described in the next section. Figure 9 shows the parameters which will be used in the expressions.
Deployable CORE Model for Design
The following relationships were developed for the D-CORE such that the radius of the cam, R, the deflection of the joint, Θ, the angle between the cam sides and face, α, and the width of the cam, W , are selected and all other parameters of the D-CORE are computed. After selecting the radius of the cylindrical cam, R, and the desired angular deflection of the joint, Θ, which can Preprint: Published article available with DOI 10.1016/j.mechmachtheory.2015.05.017 range from 0 to π, the required panel length, L, can be calculated by
It should be noted that the addition of the hard stops in Configuration 2 causes the effective angular deflection of the joint to be decreased to
Using the selected angle in radians between the cam face and side panels in the deployed state, α, the height of the crease, h crease , is computed as follows
The height of the curved cut edge of the panel, h cut , when α is in radians is described as
The crease geometry, which corresponds to the unwrapped curve of a cylinder cut by a plane, can then be expressed by the following equation with the coordinate system placed as shown in Figure 9 .
where the domain for x is from − L 2 to L 2 . This expression was derived in a manner similar to that described by Apostol et al. [27] for unwrapping curves from cylinders. Similarly, the curved cut edge geometry, which also corresponds to the unwrapped curve of a cylinder, can be expressed by the following equation where the coordinate system is placed as shown in Figure 9 y cut (x) = R tan α − π 2 cos
The length of the deployed cam, L d , is expressed as
The height of the deployed cam, H d , is computed from
The length of the bands are shown in Figures 5 and 6 for the two configurations. While the D-CORE cams created with these equations are circular cylindrical cams in the final deployed state, the surfaces are not guaranteed to remain as circular cylinders during the deployment of the cam from a flat state. The Preprint: Published article available with DOI 10.1016/j.mechmachtheory.2015.05.017 shape the surface of the cam takes during the deployment process can be investigated using the process outlined by Apostol et al. [27] of finding the shape of a generalized cylinder cut by a plane where the unwrapped curve of intersection is known. The generalized cylindrical shape can be considered as the profile of the cam while the plane shown in Figure 7 can be considered the cutting plane. The unwrapped curve of intersection is the cam's crease geometry as described in Equation 5 . This crease geometry is constant for any stage of the deployment process.
Anchoring the D-CORE to Rigid Bodies
The joint boundaries move during deployment which complicates anchoring the D-CORE to rigid bodies. One method of anchoring the joint while still allowing for the deployment motion is to use sliding fits as shown in Figure 10 . These fits are joined to the cam panels with a crease. The length of the sliding fit is (L − L d ) /2 to accommodate the deployment motion. If the anchor points can be placed underneath the deployed cam, the range of motion of the joint will not be affected, yet the undeployed folded state will be an additional two layers thick. If the anchor points are placed on the outside of the cam, the range of motion will be decreased due to interference of the anchors at the extreme positions of the joint. Also, if the angle between the sides of the cam and the cam's contact surface, α, falls between the range of 0 to 3π/4, interference can occur during deployment as the sides of the cam swing below the anchoring plane. To ensure clearance, appropriate cuts can be made in the panels to which the D-CORE is anchored.
Stiffness and Stress Characteristics of the D-CORE
The D-CORE manufactured from a single sheet is unlikely to have the same performance in compression as a solid CORE. However, the deployability of the D-CORE gives it advantages besides compressive strength which can make the joint suitable to applications requiring a small stowed volume or low-cost manufacturing. The development of a simple analytical model for stiffness and stress of the D-CORE under various loading conditions is challenging because of the combined effects of stress from deployment and the stress induced by the joint loading. As such, prototype testing and finite element analysis methods are recommended for determining the stiffness and stress characteristics for particular applications of the D-CORE.
Despite the difficulty in developing a simple analytical model, insight can be gained by comparing finite element models of hollow CORE and D-CORE cams with the same dimensions, material, and compressive loads. Two finite element models (ANSYS, BEAM 188) were created to represent hollow CORE and D-CORE cams. The hollow CORE cam was modeled as an initially curved beam fixed at both ends as shown in Figure 11 . The cam of the D-CORE was modeled as an initially flat beam which was morphed into its deployed shape using moment loads on either end of the beam. As the curved creases of the D-CORE cam force the initially flat center panel to take the same circular shape as the moment loading, this method to create the deployed stresses was considered as a reasonable approximation. Once in the deployed shape the ends of the beam were fixed and compressive loadings were applied at various locations around the cam as described by the load location parameter γ. The variation in the load location parameter was used to simulate the variation in the compressive loading location as the joint rolls through its range of motion.
These two finite element models were stress converged to within a 5% change in maximum Von Mises stress for two loading locations. The maximum Von Mises stress developed under the compressive loads at various locations is shown in Figure 12 for both the hollow CORE and D-CORE cams. The prestress component from the deployment of the D-CORE cam is reflected in the higher stresses present in the D-CORE cam for all of the loading locations. The deflection of the point where the compressive loading was applied was also plotted for both the hollow CORE and D-CORE cams in Figure 13 . Interestingly the D-CORE cam shows a slight improvement in the stiffness at this point over the hollow CORE cam. While these finite element models give insight to general characteristics of the D-CORE performance under compressive loadings compared to a hollow CORE, further work would need to be conducted for specific applications. Also, analysis of the local stresses developed in the curved creases of the D-CORE rather than the curved panels during the loaded states needs to be explored.
Physical Models
Physical models of Configurations 1 and 2 were constructed out of a range of materials to demonstrate the transition from paper to engineering materials. Figure 14 shows a family of Tyvek models with common radius of the cylindrical cam, R, but varying values of the angle between the sides and contact surface of the cam, α, and range of motion, Θ. Tyvek is made from fusing together finely spun high density polyethylene fibers into a web. This results in a paper-like material that is tough, water resistant, and yet still maintains the ability to hold creases [28] .
Configuration 1 was also constructed out of 0.38 mm (0.015 in) thick polycarbonate panels with 0.023 mm (9 mils) thick metallic glass hinges as shown in Figure 15 . Bulk metallic glasses are metallic alloys which fail to crystallize during solidification. This gives them a unique combination of properties including high elastic strain and strength, making them a good candidate for compliant applications [29] . The metallic glass was secured with adhesive transfer tape between two layers of polycarbonate panels from which material in the curved crease regions had been removed. The joint was anchored to the foamboard panels by polycarbonate tabs that were inserted into slits in the foamboard.
A 0.81 mm (0.032 in) polypropylene sheet was used to construct Configuration 2 of the D-CORE. The polypropylene sheet was cut as shown in Figure  16 (a). The curved creases and creases where the bands and sliding fits connect to the cam panels were created by using an embossing tool to remove material to form living hinges in the polypropylene. The polypropylene was folded and secured to wooden panels with nails to complete the sliding fits. Figure 16 
Deployable Translating Platform
Description
By using two or more inverted D-CORE joints and adjusting the cam profile to be a half circle to enable 180 degrees of angular rotation, a deployable translating platform can be formed. The deployable translating platform has the ability to be stored flat with effectively no degrees of freedom and to deploy to a state where linear translation is facilitated. This change in the degrees of freedom between the stored and deployed state qualifies the translating platform as a metamorphic mechanism [2] . Figure 17 shows the geometry of the translating platform. Each of the joint units can be made from two identical pieces that are placed on top of one another and joined along the opposite edges of the panels which form the cams, as shown in Figure 17 (a). These units are attached to the platforms by the flexible bands. The undeployed state is four layers thick (see Figure 17(b) ). The deployed state of the platform is shown in Figure 17(c) .
The range of linear translation, δ, can be expressed in terms of the radius of the cam cylinder, R, as
This range can be easily adjusted to a shorter length by shortening the length of the flexible bands. The cam geometry and curved crease geometry are described by Equations (1), (3), (5), (7), and (8) where Θ = π. If α < 3π/4, the two cam units joined together will need to be actuated at separate times to avoid interference of the cam side panels. If α ≥ 3π/4 the cams can be actuated simultaneously and furthermore all edges of the cam units can be joined together instead of only the opposite edges shown in Figure 17 (a). The motion that occurs during deployment of the translating platform does not require sliding fits to anchor the joint units to the translating panels because the joint units can be anchored to the translating panels by the flexible bands.
Physical Model
A model of the translating platform was constructed from deployable cams made of 0.38 mm (0.015 in.) polycarbonate sheets and connected to foamboard translating panels via Tyvek flexible bands. A small piece of wood and mono-filament lines were used to lock the mechanism into the deployed position. Figure 18 shows the physical model of the translating platform in the deployed state.
Discussion
As the D-CORE can be stowed in a flat configuration it can be used in applications where space constraints would limit the use of a traditional CORE. These applications include minimally invasive medical implants, space applications, and stowable furniture. However, when the cams of the CORE are made to be deployable, the compressive strength of the joint decreases.
Actuation of the joint can be accomplished through a force which pulls the edges of the deployable cams together or through forces which fold the creases to the appropriate angles. Springs or hand actuation, as was used with the models in this work, are two methods of deploying the joint by forcing the edges of the deployable cam together. Shape memory alloys and thermally actuated contractile polymers [30, 31] 
Conclusion
This work applied curved-fold origami techniques to create the geometry of a D-CORE that is manufacturable from a single sheet. Two configurations were presented which have the ability to be stored in a flat state and deploy to a functioning state, making them suitable for space-constrained applications such as medical devices and in aerospace. The crease geometry was mathematically related to key properties of the D-CORE to facilitate design of the joint. These relations were used to create physical prototypes of the D-CORE. A deployable translating platform was presented as a derivative of the D-CORE.
